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Abstract
OBJECTIVE: To examine the effect of electroacu-
puncture (EA) at bilateral Neiguan (PC 6) on volt-
age-gated Na + currents (INa) and channels (Nav) in
ischemic ventricular myocytes.
METHODS: EA serum was prepared from six male
adult Sprague-Dawley rats that had received EA at
bilateral Neiguan (PC 6). Eighteen ventricular myo-
cytes were prepared from six SD rats using an enzy-
molysis approach. Myocardial ischemia was mim-
icked by perfusion of ischemic solution. Whole-cell
patch-clamping was used to record three currents
evoked from isolated cells. The first current was the
control, and recorded in absence of ischemic solu-
tion current. The second was the ischemic current,
and recorded after perfusion of ischemic solution
for 5 min, while the EA current was last, and record-
ed after perfusion of EA serum for 5 min. Nav kinetic
curves were fitted using related formulas.
RESULTS: Compared with those in controls, in the
presence of ischemic solution, peak amplitudes of
INa significantly increased from﹣40 mV to +30 mV,
and half-maximal inactivation potentials of Nav in-
creased significantly, while half-maximal activation
potentials, slope factors and the recovery time
from inactivation to activation of Nav were un-
changed. Compared with those in the ischemic so-
lution, in the presence of EA serum, peak ischemic
current amplitudes significantly reduced from﹣40
mV to + 40 mV, and half-maximal inactivation po-
tentials were restored, while half-maximal activa-
tion potentials, slope factors and the recovery time
from inactivation to activation of Nav were un-
changed.
CONCLUSION: EA at bilateral Neiguan (PC 6) can re-
duce enhanced INa via restoration of delayed Nav in-
activation in ischemic ventricular myocytes.
© 2014 JTCM. All rights reserved.
Key words: Electroacupuncture; Point PC 6 (Nei-
guan); Myocardial Ischemia; Voltage-gated Sodium
Current; Voltage-gated Sodium Channel
INTRODUCTION
Neiguan (PC 6), an acupoint of the pericardial meridi-
an, has been widely used for treating cardiovascular dis-
ease.1-4 Previous studies have found that electroacu-
puncture (EA) at Neiguan (PC 6) protects myocardial
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cells against ischemia by reducing heart rate, blood
pressure, and O2 demand, and in particular the last ef-
fect may regulate supply-demand imbalance and there-
by lessen the extent of ischemia.5-8 These beneficial ef-
fects of EA at Neiguan are caused by inhibition of the
cardiac sympathetic system.9,10
Generally, cardiac sympathetic nerve excitation causes
norepinephrine (NE) release, which in turn binds to β1
receptors, triggering sodium (Na + ) influx via volt-
age-gated Na+ channels (Nav) and promoting myocardi-
al cell contraction. Thus, Na + influx is necessary for
myocardial contraction. There are various Na + influx
paths including Nav, Na+-H+ and Na+-Ca2+ exchangers,
and Na +-K +-Cl- and other co-transporters, although
Nav are the most important.11,12 By contrast, the Na+ ef-
flux path is almost exclusively dependent on Na +-K +
ATPase. Myocardial ischemia reduces Na +-K + ATPase
activity due to lack of cellular energy,13 resulting in Na+
overload, which induces Ca2 + overload and mitochon-
drial damage, causing rapid and obvious contractile
dysfunction. Attenuation of Na + overload via inhibi-
tion of Na + influx can preserve mitochondrial energy
production in ischemic myocardium and enhance
post-ischemic contractile recovery.
In ischemia, cardioprotection mediated by EA at Nei-
guan (PC 6) has been confirmed; however, the effect
on voltage-gated Na+ currents (INa) and Nav kinetics is
still not clear. Accordingly, in the present study we ex-
amined the electrophysiological mechanism of EA-me-
diated cardioprotection using the whole-cell
patch-clamp technique to investigate the effect of EA
at Neiguan (PC 6) on INa and Nav following rat ventric-
ular myocyte mimicked ischemia.
MATERIALS ANDMETHODS
EA serum preparation
Twelve male adult Sprague-Dawley (SD) rats of specif-
ic pathogen-free (SPF) grade, [3 months old, weighing
(240±10) g] were purchased from Liaoning Changsh-
eng Biotechnology Company Limited, Benxi, China
[SCXK (Liao) 2010-0001]. Animal care procedures
were performed in accordance with the National Insti-
tutes of Health Guide for the Care and Use of Labora-
tory Animals. Every effort was made to minimize suf-
fering. The animal use protocol was reviewed and ap-
proved by the Experimental Animal Ethics Committee
of Liaoning University of Traditional Chinese Medi-
cine. The EA method at bilateral Neiguan (PC 6) has
been described previously.14 After 7 days of acupunc-
ture treatment, six rats were anaesthetized with 10%
chloral hydrate (10 mg/kg). Rat blood samples were
collected using the abdominal aortic blood collection
method, and centrifuged at 3000 rpm for 10 min. Su-
pernatants were extracted and cryopreserved.
Solutions and reagents
Collagenase II and tetrodotoxin (TTX) were purchased
from Sigma (St. Louis, MO, USA). All other reagents
were from Sinopharm Chemical Reagent Shenyang
Co., Ltd., (Shenyang, China). Tyrode solution consist-
ed of (in mmol/L): NaCl 137.0, CaCl2 1.8, KCl 5.0,
MgSO4 1.2, NaH2PO4 0.5, glucose 10.0, and HEPES
10.0 (pH adjusted to 7.35-7.40 with NaOH).
Ca2 +-free Tyrode solution consisted of (in mmol/L):
NaCl 137.0, KCl 5.0, MgSO4 1.2, NaH2PO4 0.5, glu-
cose 10.0, and N-2-hydroxyethylpipera zine-N-eth-
ane-sulphonic acid (HEPES) 10.0 (pH adjusted to
7.35-7.40 with NaOH). Krebs-buffer (KB) solution
consisted of (in mmol/L): KOH 70.0, KCl 40.0,
KH2PO4 20.0, L-glutamic acid 50.0, taurine 20.0, EG-
TA 0.5, HEPES 10.0, and glucose 10.0 (pH adjusted
to 7.35-7.40 with KOH). The pipette solution for re-
cording sodium currents contained (in mM): CsCl
140, NaCl 10, EGTA 5, HEPES 5, and Na2ATP 5
(pH adjusted to 7.3 with NaOH). Ischemic solution
contained (in mmol/L): NaCl 117, KCl 5.4, CaCl2
1.8, MgCl2 1.0, NaHCO3 3.8, NaH2PO4 0.9, sodium
lactate 20, and 95% N2 and 5% CO2, pH 6.6.
Electrophysiological recordings
Eighteen ventricular cells were isolated from six rat
hearts using a collagenase Ⅱ method.15 Briefly, rats
were anaesthetized with 10% choral hydrate (10 mg/
kg); hearts were then dissected and mounted on a
Langerdorff apparatus (Chengdu, Sichuan, China).
Coronary arteries were retrograde-perfused with
Ca2+-free Tyode solution for 5 min, and then collagenaseⅡ solution (0.4 mg/mL) for 30 min. Next, hearts were
dissected, cut into pieces, and transferred into Tyrode so-
lution. The suspension was filtered (using a 200 μM×
200 μM mesh) and stored at room temperature in KB
solution. Rod-shaped cardiomyocytes were used to
form giga-seals with patch pipettes.
Whole-cell patch-clamp recordings were performed at
room temperature (22℃-24℃ ) using an EPC10
patch-clamp amplifier (HEKA, Lambrecht, Germany),
as described previously.16 Briefly, signals were filtered
at 5 kHz and digitized at a 2-kHz sampling rate. Series
resistance was compensated by at least 60% . Leakage
and capacitive currents were subtracted on-line using a
P/4 subtraction procedure. After giga-seal formation
and membrane rupture, cells were stabilized for 3-
5 min before starting protocols. Three currents were in-
duced from one single cell sequentially. The first cur-
rent was the control and recorded in the absence of
ischemic solution, the second was recorded after perfu-
sion of ischemic solution for 5 min, and the last after
perfusion of EA serum for 5 min.
Data analysis
All data were analyzed and fitted using Clampfit 9.0
(vers 9.2.0.09 Axon Instruments, Inc., Sunnyvale, CA,
USA) and Origin 8.0 (vers 8.0724, OriginLab Corpo-
ration, Northampton, MA, USA). Values were repre-
sented as mean ± standard deviation (SD). Statistical
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comparisons were performed using Student's t-test.
Values of P<0.05 were considered significant.
RESULTS
Effect of EA serum on current-voltage (I-V) curves of
INa
INa was obtained by 20-ms depolarizing pulses from the
holding potential of ﹣70 mV to +70 mV at 10-mV
steps. Activated inward currents were completely and
reversibly blocked by bath application of 0.5 μM TTX
(data not shown), indicating that expressed Nav were
TTX-sensitive. In the presence of ischemic solution,
peak INa amplitudes increased significantly from﹣40mV
to +30 mV (n=6; P<0.05, P<0.01 vs control currents),
and in the presence of EA serum, peak INa amplitudes
decreased significantly from -40 mV to +40 mV (n=6;
P<0.05 vs ischemic currents) (Figure 1).
Effect of EA serum on steady-state activation curves
of Nav
According to I-V curves of INa, currents from﹣70 mV
to +30 mV are converted to conductance (G) using the
following formula: G=I/(Vm-Vr), with Vr the reversal
potential. Peak conductance values for each test poten-
tial were normalized to Gmax and plotted against the
test potential to produce voltage-conductance relation-
ship curves that fitted well using the Boltzmann func-
tion: G/Gmax=1/{1+exp[−(V−Vh)/k]}, with Vh the volt-
age at which conductance is half-maximal, and k the
slope factor. Our results found that both Vh and k were
unaltered by ischemic solution and EA serum (n=6, P>
0.05) (Figure 2, Table 1), suggesting that neither of
them altered the steady-state activation kinetics of Nav.
Effect of EA serum on steady-state inactivation
curves of Nav
Steady-state INa inactivation was elicited by a 100-ms
Figure 1 Effect of EA on I-V curves of INa
EA: electroacupuncture. Data are presented as mean±SD (n=6). aP<0.05, bP<0.01, compared with controls; cP<0.05, compared with
ischemic solution.
0
﹣500
﹣1000
﹣1500
﹣2000
﹣2500
﹣3000
﹣3500
﹣4000
﹣4500
﹣5000
Control
ischemic solution
EA serum
﹣80 ﹣60 ﹣40 ﹣20 0 20 40 60 80
Command potential (mV)
b
a
a
a
a
a
a
a
cc
c c
c c
c
c
c
I Na
(PA
)
Figure 2 Effect of EA on steady-state activation curves of Nav
EA: electroacupuncture. Data are presented as mean±SD (n=6).
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conditioning prepulse to potentials between ﹣80 mV
and +20 mV in 10-mV increments, followed by a 20-ms
pulse of ﹣30 mV and holding potential at ﹣70 mV.
Peak INa amplitudes were normalized and plotted
against command potentials, with the resulting data
well fitted using the Boltzmann function: I/Imax=1/{1+
exp[(V−Vh)/k]}, with I/Imax being the normalized cur-
rent, Vh the potential for half-maximal inactivation,
and k the slope factor. Our results found that in the
presence of ischemic solution, Nav steady-state inactiva-
tion curves shifted significantly in a positive direction,
and were restored by EA serum (Figure 3, Table 2).
Effect of EA on Nav recovery time course
Currents were obtained using the following protocol:
holding potential at -80 mV followed by a 50-ms con-
ditioning depolarizing pulse (﹣40 mV) to fully inacti-
vate Nav, and then a 50-ms test pulse (﹣40 mV) after
a series of -90-mV intervals varying from 2-36 ms (in
2-ms increments). Peak INa values evoked by the condi-
tioning pulse were designated I1, while those evoked by
the test pulse were designated I2. The I2 to I1 ratio rep-
resents INa recovery from inactivation. The plot of I2 to
I1 vs duration of ﹣80-mV intervals was fitted using a
monoexponential function: I/Imax=A+Bexp(-t/τ), withτ being the time constant for recovery from inactiva-
tion. No significant differences were found (Figure 4,
Table 3).
DISCUSSION
Myocardial Na + concentration in ischemic heart in-
creases in an ischemic duration-dependent manner.17,18
There are various Na + influx paths including Nav,
Na+-H+ and Na+-Ca2 + exchangers, and Na+-K+-Cl- and
other co-transporters, however, Nav are the most im-
portant.11,19 By contrast, Na +-K pumps are exclusively
responsible for Na + efflux. Myocardial ischemia leads
to rapid reduction of myocardial energy, and Na+ over-
load eventually occurs. Na+ can enter mitochondria via
Na+-Ca2 + exchangers and monocarboxylate transporter
inhibitor-sensitive Na + transporters to induce mito-
chondrial damage directly,20 leading to contractile fail-
ure.21 Therefore, inhibition of Na + influx, especially
Nav blockage, may be a promising approach to protect
ischemic myocardiocytes.
In the present study, we found that peak INa ampli-
tudes significantly increased from -40 mV to +30 mV
Table 1 Effect of EA on Nav activation parameters ( n=6, xˉ ±s)
Item
Control
Ischemic solution
EA serum
Vh
﹣54.0±1.6
﹣55.8±1.1
﹣51.9±3.2
k
4.0±1.2
2.8±0.6
5.8±3.3
Notes: EA: electroacupuncture; Vh: membrane potential at half-
activation; k: slope factor.
Item
Control
Ischemic solution
EA serum
Vh
﹣43.25±1.58
﹣32.90±0.37a
﹣36.15±1.32
k
8.83±1.41
6.36±1.32
6.89±1.38
Table 2 Effect of EA on Nav inactivation parameters (n=6, xˉ ±
s)
Notes: EA: electroacupuncture; Vh, membrane potential at
half-activation; k: slope factor. aP<0.05, compared with controls.
Figure 3 Effect of EA on steady-state inactivation curves of Nav
EA: electroacupuncture. Data are presented as mean±SD (n=6).
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Table 3 Effect of EA on Nav recovery from inactivation to acti-
vation (n=6, xˉ ±s)
Item
Control
Ischemic solution
EA serum
τ
1.65±0.14
1.19±0.09
1.22±0.06
Notes: EA: electroacupuncture; τ: time constant for recovery
from inactivation.
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in the presence of ischemic solution, suggesting that
mimicking ischemia increased Na+ influx. After perfu-
sion of EA serum, incremental INa peak amplitudes
markedly reduced from -40 mV to +40 mV, suggesting
that EA at bilateral Neiguan (PC 6) may oppose INa en-
hancement caused by ischemia, and reduce Na+ influx.
INa provides the electrical energy for electrical impulse
propagation between myocardiocytes and determines
cardiac conduction speed, therefore INa inhibition can
not only protect ischemic myocardiocytes but also re-
strict the ischemic area. Indeed, it has been reported
that EA at Neiguan (PC 6) restricts the ischemic area
and reduces infarct size,10 and potentially the electro-
physiological mechanism may be related to EA inhibi-
tion of INa.
Generally, INa intensity is determined by Nav kinetics,
hence we examined the effect of EA serum on Nav. We
found Nav expressed on myocardiocytes were TTX-sen-
sitive, and such channels can complete state transitions
between resting, fast activated, and inactivated states in
a few milliseconds or less.22 Myocardiocyte depolariza-
tion to the threshold potential activates Nav and causes
a very large but brief INa. We did not observe a signifi-
cant shift in Nav steady-state activation curves in the
presence of either ischemic solution or EA serum, sug-
gesting that neither affected activation kinetics of Nav.
With regards to Nav inactivation kinetics, we found
that in the presence of ischemic solution, steady-state
inactivation curves shifted significantly in a positive di-
rection, indicating that ischemia delayed Nav inactiva-
tion. It is known that appropriate Nav inactivation is es-
sential for effective action potential repolarization;23
however, delayed inactivation can produce large in-
ward Na + currents during the cardiac action potential
plateau, causing repolarization failure, early post-depo-
larization, and life-threatening ventricular tachyarrhyth-
mia. 24 Accordingly, restoration of abnormal Nav inacti-
vation caused by ischemia is cardioprotective. We
found that in the presence of EA serum, positively
shifted steady-state NaV inactivation curves caused by
ischemia had shifted in a negative direction, and there
was no significant difference in Vh value compared with
controls. This suggests that EA at Neiguan (PC 6) can
restore abnormal Nav inactivation.
To understand EA-mediated cardioprotection in isch-
emia, we calculated Nav activation intervals based on
our Nav activation and inactivation results, as the inter-
val between Nav activation and inactivation is closely
related to INa intensity.25 In the absence of ischemic solu-
tion, the Nav open interval was between ﹣53.97 mV
and ﹣ 43.25 mV and approximately 10.72 mV in
width. However, in the presence of ischemic solution,
it was between ﹣55.81 mV and ﹣32.90 mV and ap-
proximately 22.91 mV in width. These results suggest
that the Nav activation interval broadened during isch-
emia, and such a change may contribute to INa enhance-
ment in mimicked ischemia. After perfusion of EA se-
rum, theNav activation interval was between﹣51.90mV
and﹣36.15 mV with a width of 15.75 mV, less com-
pared with ischemia, suggesting that EA shortened the
broadened activation interval caused by ischemic solu-
tion, resulting in decreased INa.
After rapid activation and inactivation, the membrane
potential is far removed from the Nav activation thresh-
old, and Nav recovery from inactivation is needed. Our
results show that the Nav recovery time from inactiva-
tion to activation is not affected by either ischemic so-
lution or EA serum, suggesting that neither has a signif-
icant effect on Nav recovery from inactivation.
Figure 4 Effect of EA on Nav recovery from inactivation
EA: electroacupuncture. Data are presented as mean±SD (n=6).
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In conclusion, ischemia increases INa by delaying Nav in-
activation and broadening the Nav activation interval,
which can be restored by EA at bilateral Neiguan (PC
6). Our study suggests that EA at bilateral Neiguan
(PC 6) may attenuate Na+ overload and promote func-
tional recovery in ischemic ventricular myocytes.
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